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A B S T R A C T

This study presents a comprehensive techno-economic assessment of a spectral-splitting photovoltaic-thermal hydrogen system across diverse climatic zones in 
Karlsruhe, Barcelona, Cairo and Dunhuang. By integrating optical-thermal simulations with an economic model, the analysis quantifies the impact of geography and 
tracking strategies on techno-economic performance. Results demonstrate a peak annual solar-to-hydrogen efficiency of around 20 % in high-irradiance regions like 
Cairo; specifically, while Cairo achieved the highest summer production yields, Dunhuang exhibited a unique profile that mitigates seasonal fluctuations, resulting in 
comparatively uniform hydrogen production throughout the year. The comparative analysis demonstrates that the substantial gain in hydrogen yield from dual axis 
tracking outweighs the incremental hardware costs. This establishes dual axis tracking as the economic optimum, reducing the levelized cost of hydrogen (LCOH) to 
6.0 €/kg, approximately 9.6 % lower than the single axis baseline. Furthermore, Monte Carlo uncertainty analysis confirms that deploying the system in high- 
irradiance sites significantly compresses investment risk. Under hydrogen-only revenue situations, the discounted payback time (PBT) is around 6 years for dual 
axis configurations in Cairo and Dunhuang, while commercial valorisation of the oxygen byproduct accelerates capital recovery, reducing the PBT to around 5 years 
in Cairo.

1. Introduction

Hydrogen is widely recognized as a cornerstone of the future zero- 
carbon energy system, offering a pathway to decarbonize hard-to- 
abate sectors [1]. Despite its promise, the current production land
scape remains dominated by fossil fuels. As of late 2022, nearly 83% of 
global hydrogen was derived from natural gas and coal without carbon 
capture, termed 'grey' or 'black' hydrogen, accounting for significant CO2 
emissions [2,3]. To align with global sustainability goals, a transition to 
green hydrogen, produced via water electrolysis powered by renewable 
energy, is imperative [4]. However, economic competitiveness remains 
the primary barrier to widespread adoption. Current green hydrogen 
costs, typically ranging from €3 to €8 per kilogram, are significantly 
higher than fossil-based alternatives of €1 to €2 per kilogram [5]. Major 
global initiatives, such as the U.S. Department of Energy’s “Hydrogen 
Shot,” have set ambitious targets to reduce the cost to $1/kg within a 
decade [6]. Achieving this goal requires not just incremental cost re
ductions in components, but disruptive technological innovations that 
can drastically boost solar-to-hydrogen (STH) conversion efficiency to 
offset system costs [7,8].

Among various renewable pathways, solar photovoltaic (PV) driven 

electrolysis has emerged as a frontrunner due to the plummeting costs of 
commercial PV modules [9,10]. However, standard PV-electrolysis (PV- 
EC) systems face a fundamental thermodynamic limitation: they typi
cally utilize only the short wavelength portion of the solar spectrum for 
electricity generation, while the infrared spectrum is either wasted or, 
worse, converted into waste heat that degrades PV performance [11,12]. 
While concentrated PV (CPV) concepts coupled with high-efficiency 
multijunction cells have demonstrated high STH efficiencies in labora
tory settings [13,14] and have even been realized in kW-scale pro
totypes [15], the associated thermal management remains a critical 
engineering challenge. In parallel, the operating temperature limitations 
of commercial low-temperature electrolyzers constitute a significant 
bottleneck for STH efficiency. Conventional proton exchange membrane 
(PEM), alkaline water electrolyzer (AWE), and anion exchange mem
brane (AEM) technologies are strictly confined to operating tempera
tures below 80 ◦C to maintain membrane stability [16,17]. This thermal 
constraint prevents the utilization of high-grade solar heat to thermo
dynamically lower the kinetic overpotentials of the water splitting re
action, thereby precluding the exploitation of thermal-electrical 
synergy.

To address these limitations, hybrid photovoltaic-thermal (PVT) 
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architectures employing spectral splitting have gained increasing 
attention in recent years [18,19], including specifically for hydrogen 
production [20,21]. By optically decoupling the solar spectrum, these 
systems direct short wavelengths to PV cells and long wavelengths to 
thermal absorbers, enabling simultaneous high-efficiency power gen
eration and high-temperature heat collection. Most PVT collectors are 
designed for low-grade heat or hot water provision, either directly [22]
or via the use of heat pumps [23]. Here, extending upon this concept, in 
our recent work [24], we designed and experimentally validated a 
spectral-splitting photovoltaic-thermal hydrogen (SSPVTH) system. By 
integrating emerging membrane-less electrolyzers, which tolerate 
significantly higher temperatures than PEM, AEM, and AWE cells (e.g., 

[25]), the system effectively utilizes high-grade solar heat to reduce the 
electrolysis activation barrier [26,27]. This design achieved a peak STH 
efficiency of 21.1% with GaAs cells, demonstrating a clear physical 
advantage over standalone PV-EC systems [24].

While the thermodynamic superiority of such hybrid concentrated 
systems is evident, their economic viability under realistic operating 
conditions remains a critical open question. Most existing studies have 
primarily focused on performance optimization under standard steady- 
state Air Mass 1.5 (AM1.5) irradiance, often overlooking the economic 
trade-offs of increased system complexity. The SSPVTH architecture 
introduces additional hardware compared to standard flat-panel PV 
systems, including parabolic concentrators, spectral-splitting filters, and 

Fig. 1. Diagrams of hybrid solar spectral-splitting PV–thermal green hydrogen production systems and the techno-economic assessment framework. (a) Concept of 
spectral-splitting PV–thermal green hydrogen production. (b) Schematic diagram of the SSPVTH system. (c) Flowchart of the techno-economic assess
ment framework.
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dual-loop thermal management components. Moreover, high optical 
concentration typically requires precise dual axis tracking, which 
significantly increases the initial capital expenditure (CAPEX) [28,29]. 
Consequently, a fundamental techno-economic tension exists regarding 
whether the enhanced hydrogen yield derived from high-efficiency 
spectral splitting is sufficient to economically justify the increased 
CAPEX. Furthermore, the stability of this cost-benefit balance under the 
highly dynamic fluctuations of real-world solar irradiance and ambient 
temperatures, as opposed to static laboratory conditions, remains to be 
rigorously quantified. Therefore, static performance metrics are insuf
ficient to capture the true economic potential, and a rigorous techno- 
economic assessment across diverse geographical latitudes is urgently 
needed [30,31].

To bridge this gap, this study presents a comprehensive techno- 
economic assessment of the hybrid SSPVTH solar system. Unlike pre
vious studies that focused solely on efficiency under standard laboratory 
test conditions, this work integrates a rigorous simulation considering 
real-world transient meteorological data with a discounted cash flow 
(DCF) model to evaluate the system's commercial potential. The specific 
objectives are: (i) to assess the system's geographical adaptability across 
four distinct climatic zones identifying the “sweet spots” for deploy
ment; (ii) to optimize the tracking strategy by rigorously comparing the 
trade-offs between high-precision dual axis tracking and lower-cost 
single axis tracking, determining whether the high yields can justify 
higher CAPEX; and (iii) to evaluate commercial viability and risk by 
calculating the levelized cost of hydrogen (LCOH) and discounted 
payback time (PBT), while quantifying investment risks under market 
sensitivity and uncertainty.

2. System description

2.1. Spectral-splitting photovoltaic-thermal hydrogen system concepts

This study investigates a hybrid SSPVTH solar system designed to 
maximize the utilization of the full solar spectrum for green hydrogen 
production. Building upon our previous proof-of-concept work [24], as 
shown in Fig. 1(a), the incident AM 1.5 solar spectrum is divided at a 
cut-off wavelength, where the higher-energy photons are utilized for 
photovoltaic electricity generation, while the longer-wavelength 
infrared portion is redirected for solar thermal harvesting. Instead of 
dissipating sub-bandgap photons as heat within the PV, this spectral 
partitioning strategy enables parallel electrical and thermal energy 
pathways that jointly contribute to hydrogen production. The system 
layout is schematically illustrated in Fig. 1(b). The core of the system is a 
concentrated PVT (CPVT) system with a parabolic trough concentrator 
that focuses incident sunlight onto a spectral-splitting (SS) optical filter. 
This filter acts as a spectral beam splitter, dividing the solar spectrum 
into two distinct bands based on a specific cut-off wavelength. Photons 
with wavelengths shorter than cutting edge (cut-off wavelength) are 
transmitted to the PV module for electricity generation, while longer- 
wavelength photons are reflected onto an evacuated tube absorber 
(ETA) to generate high-grade thermal energy. This decoupled optical 
management ensures that the PV cells operate within their optimal 
spectral response range while simultaneously harvesting the infrared 
spectrum as usable heat.

A distinct feature of the proposed system is its dual-loop thermal 
management strategy, designed to synergize the electrical and thermal 
outputs. As shown in the PVT flow loop of Fig. 1(b), a low-temperature 
cooling circuit actively removes waste heat from the PV module, 
maintaining cell efficiency via Heat Exchanger 1 (HX1). In parallel, the 
red loop circulates a heat transfer fluid (HTF) through the ETA to cap
ture high-temperature heat. Unlike conventional PVT systems, this high- 
grade heat is not merely a byproduct but is actively coupled to the 
hydrogen production unit via Heat Exchanger 2 (HX2). The HTF heats 
the electrolyte before it enters the electrolyzer stack, thereby thermo
dynamically lowering the required overpotential for water splitting.

Another distinct feature of the SSPVTH system is the employment of 
a membrane-less electrolyzer stack [26,27], selected for its superior 
performance at elevated operating temperatures compared to conven
tional membrane-based counterparts. The electrolyzer stack comprises 
multiple cells connected in series and parallel configurations to match 
the voltage and current characteristics of the PV module. To further 
enhance system robustness against solar intermittency, a direct current 
to direct current (DC-DC) converter is integrated between the PV module 
and the electrolyzer. This power electronic interface regulates the 
operating voltage, ensuring that the electrolyzer operates near the 
maximum power point (MPP) of the PV array under varying irradiance 
conditions. This electro-thermal coupling architecture enables the sys
tem to produce hydrogen with enhanced STH efficiency compared to 
stand-alone PV-electrolyzer systems.

For all geographical sites evaluated in this study, the system oper
ating conditions are set to the optimal values established in our previous 
detailed analysis [24]. These parameters include an optimal optical 
concentration ratio of 20×, the flow rate of the HTF and electrolyte, the 
specific cut-off wavelength of the spectral filter, and the series-parallel 
configuration of the electrolyzer stack.

To evaluate the feasibility of the proposed design, a comprehensive 
techno-economic assessment framework was developed, as illustrated in 
the computational flowchart in Fig. 1(c). The simulation workflow fol
lows a sequential two-phase structure. The first phase focuses on the 
technical system simulation. It employs a nested temporal loop 
comprising twelve monthly average daily profiles and hourly time steps 
to capture the dynamic response of the system under varying meteoro
logical conditions. A core feature of this phase is the coupled thermal- 
electrical solver, which iteratively determines the equilibrium temper
atures of the PV module and the electrolyzer. This ensures that the 
temperature-dependent electrical characteristics and electrochemical 
overpotentials are accurately resolved before calculating the hourly 
hydrogen production rate. The second phase handles the economic 
assessment. The aggregated annual hydrogen yield from the physical 
model serves as the primary input, combined with market-based eco
nomic parameters, to compute key financial indicators such as the LCOH 
and PBT. Finally, the framework incorporates a sensitivity analysis and a 
Monte Carlo simulation to quantify investment risks and system 
robustness against market uncertainties.

2.2. Case study locations and climatic conditions

To comprehensively evaluate the techno economic feasibility of the 
proposed SSPVTH system under varying geographical and climatic 
constraints, four representative sites were selected for this study: 
Karlsruhe (Germany), Barcelona (Spain), Cairo (Egypt), and Dunhuang 
(China). These locations were chosen to cover a diverse spectrum of 
solar resource profiles, ranging from low-irradiance temperate zones to 
high-irradiance arid desert environments, thereby testing the system's 
adaptability and economic limits. The meteorological data for these 
sites, including global horizontal irradiance (GHI), direct normal irra
diance (DNI), and ambient temperature, were retrieved from the 
Photovoltaic Geographical Information System (PVGIS) solar radiation 
database [32]. To efficiently simulate annual performance while 
capturing diurnal dynamics, the monthly average daily profile method 
was adopted. For each calendar month, a synthetic 24-hour profile of 
solar irradiance and ambient temperature was obtained from the PVGIS 
daily radiation tool. Each hourly value represents the average of the 
corresponding hour over all days of that month across the available 
multi-year period. The system was simulated hourly using these twelve 
monthly average daily profiles. The resulting hourly outputs were in
tegrated to obtain daily totals and then multiplied by the number of days 
in the corresponding month to derive the monthly and annual values.

To evaluate the influence of temporal resolution on the predicted 
technical performance, an independent 8760-hour typical meteorolog
ical year (TMY) dataset was also obtained from PVGIS for each study site 
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[32]. The PVGIS TMY is a synthetic annual meteorological time series 
assembled from twelve statistically typical calendar months selected 
from the available multi-year record. Consequently, the individual 
months may originate from different historical years, but together they 
form a continuous January-to-December sequence containing 8760 
hourly records. Unlike the monthly average daily profile method, which 
represents each month using an averaged 24-hour profile, the TMY data 
retain the hour-to-hour and day-to-day meteorological variability within 
the selected months. The hourly DNI and ambient temperature from the 
hourly TMY method datasets were supplied to the same SSPVTH simu
lation model using identical system parameters, tracking models, and 
the same minimum operating irradiance threshold. The hourly TMY 
method simulations were used solely to assess the technical performance 
and annual hydrogen production and were not included in the economic 
analysis.

Aggregated monthly totals of solar irradiance and average ambient 
temperatures are shown in Fig. 2. A critical distinction is made between 
GHI and DNI, as the proposed system utilizes a parabolic reflector that 
relies exclusively on direct beam radiation. The data reveal a significant 
disparity in resource quality across the latitudes. High-potential regions, 
specifically Cairo and Dunhuang, exhibit exceptional solar resources 
with consistently high radiation levels throughout the year. In contrast, 
Karlsruhe displays marked seasonality, with a distinct decline in irra
diance during winter months. As further shown in Fig. 2, the GHI values 
follow the expected gradual seasonal trend, indicating that the distinc
tive DNI variations are not caused by the data-processing procedure. The 
lower DNI in Barcelona in June is associated with a higher diffuse- 
radiation contribution, whereas the higher DNI in Dunhuang in March 
indicates a larger direct-beam fraction and clearer atmospheric condi
tions. These variations originate from the monthly average profiles in 

the PVGIS-ERA5 dataset and directly affect the monthly performance of 
the DNI-dependent SSPVTH system.

The detailed average hourly profiles of irradiance and temperature in 
July are shown in Fig. 3, serving as an example of the input data used for 
the hourly simulation. To accurately simulate the operational conditions 
of the proposed system, the irradiance data in Fig. 3 were extracted for a 
dual axis solar-tracking plane. It is important to note that for the 
concentrating optical system, the direct component constitutes the sole 
effective energy input utilized by the parabolic reflector. For the dual 
axis tracking configuration, the DNI serves directly as this energy input. 
However, for the single axis tracking system, the DNI cannot be utilized 
directly; instead, the incidence angle between the receiving surface and 
the solar rays must be accounted for. This geometric conversion process 
is detailed in Section 3.1.

To facilitate a direct comparison between the winter and summer 
operating conditions, Fig. 4 presents the monthly average hourly irra
diance and ambient temperature profiles in January for the same four 
study sites, corresponding to the July profiles shown in Fig. 3.

3. Methodology

The energy conversion process of the solar hydrogen systems in this 
study is simulated using in-house codes based on principles of energy 
balance and thermodynamics. The governing equations for various 
models are detailed below.

3.1. Solar irradiance and solar tracking models

Hourly DNI was used as the primary solar resource input in this 
study. DNI represents the direct beam solar irradiance incident on a 

Fig. 2. Monthly meteorological data for the selected study sites: (a) Karlsruhe, Germany; (b) Barcelona, Spain; (c) Cairo, Egypt; and (d) Dunhuang, China. The plots 
show monthly totals for global horizontal irradiance (GHI) and DNI, alongside the average ambient temperature. Data was obtained from the PVGIS solar radiation 
database [32].
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surface that is continuously oriented normally to the sun and therefore 
corresponds to an ideal dual axis tracking (DA) reference. To enable a 
consistent comparison between dual axis and single axis tracking (SA) 
configurations, the hourly DNI data were converted into an effective 
beam irradiance incident on a single axis collector aperture using a 
geometric projection approach based on solar position calculations.

Hourly DNI and ambient air temperature data Ta(t) were obtained 
from the PVGIS provided by the European Commission Joint Research 
Centre (JRC) [32]. To evaluate the annual system performance, monthly 
average hourly profiles were utilized. For each calendar month, an 
average daily profile is constructed by averaging the solar irradiance for 
each hour of the day across all days in that month over the available 
multi-year historical record. This methodology inherently accounts for 
the stochastic variations in weather and cloud cover. The monthly 
aggregate performance is subsequently derived by integrating these 
averaged hourly profiles and scaling the result by the number of days in 
the respective month. All angular quantities in this section are expressed 
in degrees, and all trigonometric functions are evaluated accordingly.

3.1.1. Solar position calculation
The solar position is characterised by the solar elevation angle α and 

solar azimuth angle γs, which together define the direction of the 
incoming direct solar beam. These angles are calculated as functions of 
geographical location and time. The local solar time (LST) is then 
calculated as: 

LST = t+
TC
60

(1) 

and the daylight-saving time is not considered. The time correction (TC), 
expressed in minutes, accounts for both the longitude difference be
tween the site longitude λ and the local standard time meridian (LSTM), 

as well as the equation of time (EoT): 

TC = 4(λ − LSTM)+EoT (2) 

To convert the local clock time t into local LST, a longitude-based 
time correction is applied. The time zone (TZ) denotes the local time 
zone offset relative to Coordinated Universal Time (UTC), expressed in 
hours. The corresponding LSTM is given by: 

LSTM = 15 × TZ (3) 

and the ЕοΤ is evaluated as [33]: 

EoT = 9.87sin(2B) − 7.53cos(B) − 1.5sin(B) (4) 

where B is an auxiliary angle depending on the day of year n: 

B =
360◦

365
(n − 81) (5) 

here, the coefficients 9.87, 7.53 and 1.50 are empirical constants orig
inating from the standard approximation of Earth’s orbital eccentricity 
and axial tilt. The solar elevation angle α, representing the angular 
height of the sun above the local horizon, is obtained from: 

α = arcsin(sinϕsinδ+ cosϕcosδcosω) (6) 

where ϕ is the site latitude. The solar declination angle δ, defined as the 
angular position of the sun relative to the Earth’s equatorial plane, is 
evaluated from [33]: 

δ = 23.45sin(
360(284 + n)

365
) (7) 

where 23.45◦ corresponds to the Earth’s axial tilt, and the hour angle ω, 

Fig. 3. Diurnal profiles of average solar irradiance and ambient temperature distributions in July at the reference sites: (a) Karlsruhe, (b) Barcelona, (c) Cairo, and 
(d) Dunhuang. The data represents the irradiance received on a dual axis solar tracking plane, comprising global irradiance (global), direct normal irradiance (direct), 
and diffuse irradiance (diffuse). The ambient temperature variation is shown on the secondary axis.
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which represents the angular displacement of the sun from the local 
meridian from: 

ω = 15(LST − 12) (8) 

The solar azimuth angle γs, describing the horizontal direction of the 
sun, is computed using an atan2-based formulation to preserve the 
correct quadrant: 

sinγs = −
cosδsinω

cosα (9) 

cosγs =
sinδ − sinαsinϕ

cosαcosϕ
(10) 

γs = atan2(sinγs, cosγs) (11) 

where γs is mapped to the range 0 to 360◦.

3.1.2. Single axis tracking geometry and irradiance projection
To represent a SA configuration with one rotational degree of 

freedom, the instantaneous orientation of the collector aperture is 
derived from the solar position and subsequently used to project the DNI 
onto the aperture plane [33].

The solar direction is characterised by the solar elevation angle α and 
the solar azimuth angle γs. Based on these angles, an effective rotation 
angle is defined to describe the aperture orientation that maximizes 
beam interception under a single axis constraint. The effective beam 
irradiance incident on the single axis collector aperture is finally ob
tained by geometrically projecting the direct normal irradiance onto the 
aperture plane: 

DNISA(t) = DNIDA(t)cosθi (12) 

where DNISA(t) represents the physically accessible beam irradiance 
under single axis tracking conditions. The original DNIDA(t) time series is 
retained as dual axis tracking reference. The collector aperture is 
assumed to be south facing, with a fixed collector azimuth angle γc equal 
to 180∘, corresponding to a conventional reference orientation in the 
northern hemisphere. Using the signed effective rotation angle β=θeff, 
the cosine of the incidence angle between the solar beam and the 
aperture normal is: 

cosθi = sinαcosβ+ cosαsinβcos(γs − γc) (13) 

with negative values of cosθi corresponding to back-side illumination of 
the aperture, are physically meaningless and therefore excluded. Since 
inverse trigonometric functions yield unsigned angles, a sign convention 
is introduced to distinguish morning and afternoon orientations and to 
ensure a continuous single axis rotation. The signed effective rotation 
angle is therefore defined as: 

θeff = sign(− cosαcosγs)θeff,u (14) 

This sign assignment in Eq. (14) does not affect the magnitude of the 
projected irradiance but ensures a physically consistent description of 
the aperture rotation direction over the course of the day. An unsigned 
effective projection angle is: 

θeff,u = arccos

⎛

⎜
⎝

sinα
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(cosαcosγs)
2
+ sin2α

√

⎞

⎟
⎠ (15) 

Fig. 4. Diurnal profiles of average solar irradiance and ambient temperature distributions in January at the reference sites: (a) Karlsruhe, (b) Barcelona, (c) Cairo, 
and (d) Dunhuang. The data represents the irradiance received on a dual axis solar tracking plane, comprising global irradiance (global), direct normal irradiance 
(direct), and diffuse irradiance (diffuse). The ambient temperature variation is shown on the secondary axis.
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where the denominator corresponds to the magnitude of the solar di
rection vector projected onto the plane orthogonal to the tracking axis. 
In this formulation, the vertical component of the solar direction vector 
is given by sinα, consistent with the definition of the solar elevation 
angle. The tracking model assumes ideal positioning within the pre
scribed single axis and dual axis geometries. End losses are neglected 
because the collector modules can be connected end-to-end to form 
sufficiently long continuous rows. Nominal component optical effi
ciencies are included, whereas field-specific losses associated with row 
shading, tracking errors, reflector slope errors, receiver misalignment, 
variations in the interception factor, and wind-stow operation are not 
explicitly modelled. These effects depend strongly on the specific solar- 
field layout and operating conditions and should be incorporated in 
future field-specific assessments.

The resulting irradiance inputs are subsequently used for annual 
system performance simulations and hydrogen production calculations. 
Fig. 5 shows the monthly average daily irradiance profiles for the single 
axis and dual axis configurations in Cairo, Egypt, for July.

3.2. System performance model

3.2.1. Light distribution model
To retain the spectral-splitting framework developed in our previous 

work while enabling hourly simulations, the terrestrial air mass 1.5 
direct (AM1.5D) spectrum is adopted as the reference spectral shape. 
The model assumes that the instantaneous spectral irradiance scales 
proportionally with the broadband irradiance while maintaining an 
invariant spectral distribution. First, the total reference irradiance of the 
AM1.5D spectrum, SAM1.5D, is obtained by integrating the standard 
AM1.5D spectral irradiance GAM1.5D over the solar spectrum range: 

SAM1.5D =

∫ 4000 nm

280 nm
GAM1.5D(λ)dλ (16) 

Subsequently, a time-dependent scaling factor κ(t) is defined as the 
ratio of the available broadband irradiance to this reference value: 

κ(t) =
Sreal(t)
SAM1.5D

(17) 

where Sreal(t) represents the effective broadband beam irradiance inci
dent on the collector aperture. For the dual axis tracking baseline, Sreal(t) 
corresponds to the meteorological DNIDA(t), whereas for the single axis 
tracking configuration, it corresponds to the projected irradiance DNI
SA(t). Finally, the time-resolved spectral irradiance at time t is calculated 
as: 

G(λ, t) = κ(t)GAM1.5D(λ) (18) 

The light is initially concentrated through the parabolic reflector. 
Subsequently, the light spectrum is divided into two components by the 
spectrum-splitting optical filter: the solar irradiance that penetrates the 
filter and reaches PV, SPV, and the solar irradiance that is reflected by the 
filter and reaches ETA, SETA: 

SPV = ρPR
APR

APV

∫ 4000nm

280nm
τF(λ)G(λ, t)dλ (19) 

SETA = ρPR
APR

AST

∫ 4000nm

280nm
ρF(λ)G(λ, t)dλ (20) 

where τF the transmittance of the filter, ρF the reflection of the filter, APR 
the area of the parabolic reflector, APV the area of the PV, AST the area of 
the inner solar thermal absorber of the ETA, ρPR is the reflection of the 
parabolic reflector. The ratio of the area of the parabolic reflector and 
the area of ST inside ETA determines the geometric concentration ratio 
for ETA. Due to the difference in the surface area between the outer glass 
and the inner solar thermal absorber of the ETA, the solar irradiance 
experienced by the outer glass, SETA,og: 

SETA,og = ρPR
APR

Aog

∫ 4000nm

280nm
ρF(λ)G(λ, t)dλ (21) 

where Aog is the area of the outer glass of the ETA. Assuming that the 
spectrum-splitting optical filter splits light ideally and its absorption loss 
is 5% [34,35]. Then the values of τF and ρF are: 

τF(λ) =
{

0.95λ < λcut
0λ > λcut

(22) 

ρF(λ) =
{

0λ < λcut
0.95λ > λcut

(23) 

where λcut is the cutting edge of the spectrum-splitting filter (λcut = 900 
nm in this study).

3.2.2. Electrical model: PV
Firstly, the dark saturation current, Jds, is calculated as [29]: 

Jds = k1T
3
z
stdexp

(
− Eg

bkBTstd

)

(24) 

where k1, b and z are empirical parameters for PV (k1 = 0.03, b = 1.2, 
and z = 0.98) [29], Eg is the band gap energy for PV material, kB the 
Boltzmann constant (1.380649×10− 23 J K-1), and Tstd is the standard 
temperature of PV (i.e., 298.15 K). The light generated current, JL, is 
determined by integrating the spectral response of the PV cells as: 

JL = ρPR
APR

APV
τgαPVAcell

∫ 4000

280
τF(λ)G(λ, t)SR(λ)dλ (25) 

where SR(λ) is the spectral response of PV, G(λ,t) is the incident spec
trum, τg is the transmittance of the glass covering the PV and αPV is the 
absorptance of PV. All the optical losses of the parabolic reflector, 
spectral-splitting filter, cover glass of PV and solar cell surface are 
considered, and Acell is the area of one PV cell in PV module. The short- 
circuit current, Jsc, is given by: 

JSC = AjJL (26) 

where Aj is the ideality factor for short-circuit current (Aj = 0.97 in this 
study) [36]. The relationship between the voltage, V, and current of each 
cell, J, can be derived from the ideal diode equation: 

J = Jsc − Jdsexp
[

eV
AʹkBTstd

]

(27) 

Fig. 5. Comparison of the effective solar energy input between the single axis 
and dual axis tracking strategies using the monthly average daily profile for 
July in Cairo. The dual axis DNI represents the energy input by the dual axis 
tracking system. The single axis DNI represents the energy input by the single 
axis tracking system. The dashed line indicates the variation of the solar azi
muth angle, which drives the geometric misalignment in the single axis 
configurations.
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where A' is the PV cell ideality factor (A' =1 in this study) [29], e is the 
charge of an electron. The I-V curve of the PV module is derived by 
interconnecting multiple PV cells in series and/or parallel configura
tions. Assuming negligible wire losses in this study, the performance 
parameter translation from a single cell to the entire module is consid
ered to be unity: 

IPV = JNp PV (28) 

VPV = VNs PV (29) 

where Np_PV and Ns_PV are the numbers of PV cells connected in parallel 
and series (Np_PV = 2 and Ns_PV = 30 in this study). The influence of 
temperature on PV performance primarily manifests in three aspects: 
current, voltage, and fill factor (FF). Notably, the effect of temperature 
elevation on voltage surpasses its impact on current [36,37]. The open- 
circuit voltage (Voc) at various temperatures can be determined using: 

Voc = Voc std(1+ βV(TPV − Tstd) ) (30) 

where Voc_std is the open circuit voltage at standard temperature, and βv 
is the temperature coefficient of voltage (βv = -0.14 %/◦C in this study 
[38]), TPV is the temperature of PV panel under the working condition, 
and Tstd is the standard temperature, in this study, it is 25 ◦C. The effect 
of temperature on short circuit current (Isc) and FF can be calculated in 
the same way: 

ISC = Isc std(1+ βI(TPV − Tstd) ) (31) 

FF = FFstd(1+ βFF(TPV − Tstd) ) (32) 

where Isc_std and Fstd are the short circuit current and fill factor at stan
dard temperature, and βI and βFF are the temperature coefficients of 
current and fill factor (βI = 0.07%/◦C and βFF = -0.01%/◦C in this study 
[38]). The final effect of temperature on efficiency can be seen as the 
sum of the effects of temperature on the three [11]: 

βEff = βFF + βI + βV (33) 

After determining the short-circuit current and open-circuit voltage, 
another important point to determine is the MPP, which can be calcu
lated via the fill factor: 

FF =
VMPPIMPP

VocISC
(34) 

Since the effect of temperature on voltage is much greater than its 
effect on current [36,37], the current at MPP can be expressed by 
Anderson translation equation [39]: 

IMPP = IMPP std(1+ βI(TPV − Tstd) ) (35) 

where IMPP_std is the MPP current at standard temperature. By 
substituting the above equations for Voc, Isc, and IMPP into the equation 
for FF, the MPP voltage value at different temperatures, VMPP can be 
calculated: 

VMPP = VMPP std(1+ βFF(TPV − Tstd) )(1+ βV(TPV − Tstd) ) (36) 

3.2.3. Electrical model: electrolyzer
In this model, the electrodes of the electrolyzer are polished flat 

nickel. The pressure of electrolyzer at each temperature is the minimum 
value that prevents the boiling of the electrolyte. An electrochemical 
model of electrolysis can be used to describe the I-V relationship of an 
electrolyzer. The voltage required for the electrolysis reaction consists of 
the following components [26]: 

V(j,T) = E0(T)+Vʹ
ohmic(j,T)+V H́ER(j,T)+V ÓER (j,T)+V ćon +V b́ub

(37) 

where E0(T) is the starting potential (i.e., the minimum potential 

required for the electrolysis reaction to occur, V'ohmic(j, T) is the ohmic 
losses overpotential of the electrolyte, which is the overpotential 
required to overcome the resistance between electrodes filled with 
liquid electrolyte, V'HER(j, T) and V'OER(j, T) are hydrogen evolution 
reaction and oxygen evolution reaction overpotentials, V'con is the 
overpotential due to the dissolved gas concentration, and V'bub is the 
overpotential due to bubble evolution. The influence of concentration 
and bubble overpotentials on the electrochemical reaction is small at the 
high electrolyte flow rates considered in this study [26]. Therefore, V'con 
and V'bub are not considered in the calculations: 

V(j,T) = E0(T)+Vʹ
ohmic(j,T)+V H́ER(j,T)+V ÓER (j,T) (38) 

the starting potential is a function of the Gibbs free energy change ac
cording to Faraday's constant and the reversible cell potential relation: 

E0(T) =
ΔG(T)

nF
(39) 

where ΔG(T) is the change in Gibbs free energy in the water splitting 
reaction (e.g., +237.2 kJ/mol H2O or H2 at 25 ◦C); n is the number of 
exchanged electrons in the reaction (n = 2 for each molecule of H2 
produced in water splitting reaction) [16]; F is Faraday’s constant (i.e., 
the total charge carried by one mole of electrons, 96485 C/mol e-). The 
value of E0 is 1.23 V under standard conditions (298.15 K, 1 atm) [26]. 
The values of E0(T) at different temperatures are based on data from 
previous studies [40]. Ohmic losses are calculated as follows: 

V óhmic(j,T) =
jW

σ́ (T) (40) 

where j is the current density, W is the interelectrode distance (2.5 mm 
in this study), and σ'(T) is the conductivity of the electrolyte. The elec
trolyte is KOH in squeous solution at a concentration of 30 % (w/w) in 
this study, with σ' = 610 mS⋅cm-1 at 30 ◦C. Values of σ'(T) at different 
temperatures refer to previous research [41]. The activation over
potentials of the hydrogen evolution reaction (HER) and the oxygen 
evolution reaction (OER) are calculated by the Tafel equation respec
tively [42,43]: 

V H́ER(j,T) = βHER(T)log
(

j
j0 HER(T)

)

(41) 

V ÓER(j,T) = βOER(T)log
(

j
j0 OER(T)

)

(42) 

where j0_HER(T) and j0_OER(T) are the respective exchange current den
sities, βHER(T) and βOER(T) are the Tafel slopes for each reaction. For the 
HER in KOH solution on nickel electrode at different temperatures, 
j0_HER(T) and βHER(T) could be found in previous research [42,43], (i.e., 
at 30 ◦C, βHER is 0.12 V/dec and j0_HER is 1×10− 5 A/cm2) and the OER on 
nickel electrodes in KOH solutions at different temperatures is also 
studied to get the j0_OER(T) and βOER(T) [44].

In the above calculations, the free energy change (ΔG(T)), conduc
tivity of the KOH solution (σ'(T)), exchange current densities (j0_HER(T), 
j0_OER(T)) and Tafel slopes (βHER(T), βOER(T)) are all functions of the 
temperature. Therefore, the j-V curves at different temperatures can 
then be calculated from the parameters at respective temperatures. The 
membrane-less gas-separation principle adopted in this model is based 
on the authors’ previous experimental studies [26,27], in which gas 
crossover was maintained below 1%, leading to high hydrogen purities 
under controlled electrolyte-flow conditions. The present system-level 
model does not explicitly resolve gas-separation dynamics, electrolyte 
and pressure-management hardware, corrosion, or safety-control sys
tems. Long-duration validation under the selected temperature, KOH 
concentration, pressure, and cycling conditions remains necessary and 
should be addressed in future experimental work.

After the above calculation, the j-V (current density – voltage) curve 
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can be obtained. For the I-V (current – voltage) relationship of each cell, 
the current can be calculated from: 

IEC cell = jAele (43) 

where Aele is the electrode area (5 cm2 for each electrolyzer cell in this 
study). For each electrolyzer stack, the overall I-V curve depends on the 
number of cells connected in series, Ns_EC of 18, in each unit, and the 
number of units connected in parallel, Np_EC of 13 in the stack, as 
described before. The value of Ns_EC depends on the I-V curve of the PV 
under ideal conditions, so that the OP is as close to the MPP as possible. 
The value of Np_EC depends on the target current density of the elec
trolyzer. The overall current and voltage calculations are: 

IEC stack = IEC cellNp EC (44) 

VEC stack = VEC cellNs EC (45) 

To account explicitly for the power conversion and coupling between 
the PV module and the electrolyzer stack, a DC–DC converter is incor
porated into the electrical model. At each calculation time step, ideal 
MPP tracking (MPPT) is assumed, so that the PV module operates at its 
instantaneous MPP under the corresponding irradiance and PV tem
perature. The DC–DC converter output is subsequently matched to the 
temperature-dependent I–V curve of the electrolyzer stack. Accordingly, 
the electrical power balance between the PV module and the electro
lyzer stack is expressed as: 

VEC stack(t)IEC stack(t) = ηDC− DCVMPP(t)IMPP(t) (46) 

where ηDC-DC is the conversion efficiency of the DC–DC converter, which 
is assumed to remain constant at 95% in this study; Vmpp(t) and Impp(t) 
are the voltage and current of the PV module at its instantaneous MPP, 
respectively; and VEC_stack(t) and IEC_stack(t) are the operating voltage and 
current of the electrolyzer stack after DC–DC conversion, respectively. 
The electrolyzer operating point is determined by satisfying Eq. (46)
together with its temperature-dependent I–V relationship. Therefore, the 
PV module is maintained at its MPP, while the 5% DC–DC conversion 
loss is explicitly included in the electrolyzer input power and the 
calculated hydrogen production. The converter efficiency is assumed to 
be constant over the active operating range, while manufacturer-specific 
part-load efficiency variations and sub-hourly MPPT dynamics are not 
resolved.

3.2.4. System thermal model
The thermal model is based on the law of energy balance for each 

component. Detailed energy-balance equations for the glazing glass 
surrounding the PV module, the PV module, are introduced below.

The energy input of the glazing glass is the absorbed solar irradiance 
Qin,g, which comes from incident sunlight and reflection light from the 
PV module. The energy output includes radiative and convective heat 
transfer to the ambient, Qr,g–sky and Qconv,g–a, respectively, and 
conductive and radiative heat transfer to the PV module, Qcd,g–PV and Qr, 

g–PV. The energy balance equation for the glazing glass surrounding the 
PV module is expressed as: 

Qin,g = Qr,g− sky + Qconv,g− a + Qcd,g− PV + Qr,g− PV (47) 

corresponding to: 

APVαgSPV
(
1 + τgρPV

)
= εgσAPV

(
T4

g − T4
sky

)

+hwindAPV
(
Tg − Ta

)
+ hcd,g− PVAPV

(
Tg − TPV

)
+

APVσ
(

T4
g − T4

PV

)

1
εPV

+
1
εg

− 1

(48) 

where SPV is the solar irradiance, APV is the surface area of PV module 
(the same as the area of the glazing glass), αg is the absorptance of 
glazing glass (αg = 0.03 [29]), τg is the transmittance of the glazing glass 

(τg = 0.95 [29]), ρPV is the reflectance of PV module (ρPV = 0.07 [29]), σ 
is the Stefan–Boltzmann constant (5.67×10− 8 W m -2⋅K -4)), εg is the 
emissivity of glass (εg = 0.9 [29]), and εpv is the emissivity of the PV 
module (εpv = 0.9 [45]). The variables Tg, TPV, Ta and Tsky are cover 
glass, PV, ambient and sky temperatures respectively. The sky temper
ature Tsky is expressed as Tsky = 0.0552Ta

1.5[46]. The heat convection 
coefficient to the ambient, hwind, is a function of wind speed [47]. The 
heat transfer coefficient between the glazing glass and the PV module, 
hcd,g-PV, is dominated by the heat conduction of the air gap between the 
glazing glass ang the PV module [47]. The energy balance for the PV 
module is: 

Qin, PV +Qcd,g− PV +Qr,g− PV = Qele− PV +Qconv,PV− HTF (49) 

corresponding to: 

APVαpvτgSPV + hcd,g− PVAPV
(
Tg − TPV

)
+

APVσ
(

T4
g − T4

PV

)

1
εPV

+
1
εg

− 1

= ηeleτgGPVAPV + hconv,PV− HTFApv
(
TPV − Tave,HTF

)

(50) 

where ηele is the electrical efficiency of PV module, and hconv,PV-HTF is the 
convective heat transfer coefficient between the PV module and the HTF 
in the cooling channel [29]. The average temperature of the HTF in the 
cooling channel is: 

Tave, HTF =
Tout,PV + Tin,PV

2
(51) 

where Tout,PV and Tin,PV are the outlet and inlet temperature of HTF in 
the cooling channel. The energy balance for the HTF in the cooling 
channel is: 

Qconv,PV− HTF = Qgain, HTF +Qloss,PV− a (52) 

corresponding to: 

hconv,PV− HTFAPV
(
TPV − Tave,HTF

)
= ṁHTFcHTF

(
Tout,PV − Tin,PV

)

+ hloss,HTF− aAPV
(
Tave, HTF − Ta

) (53) 

where hconv,PV-HTF is the heat transfer coefficient between the PV module 
and the HTF in the cooling channel, ṁHTF is the mass flow rate, cHTF is 
the specific heat capacity of the HTF (water as HTF for PV cooling, 4186 
J/(kg⋅K) at around 50 ◦C [48]), hloss,HTF-a is the equivalent heat transfer 
coefficient between the HTF and the ambient. Additionally, all heat 
losses incurred during fluid flow through the connection piping are 
accounted for by employing the subsequent energy balance equation to 
determine the temperature of the outflow: 

ṁici
(
Tout,i − Tin,i

)
= hloss,pipe− aAp

(
Tout,i + Tin,i

2
− Ta

)

(54) 

where ṁi and ci are the mass flow rate and specific heat capacity of the 
fluid in a pipe, for cooling water, cwater is 4186 J/(kg⋅K), for HTF in the 
ETA at around 180 ◦C, cHTF is 2663 J/(kg⋅K) [49], Tout,i and Tin,i are the 
outlet and inlet of a connection pipe, Ap is the surface area of a pipe (set 
as 1 m2 in this study), and hloss,pipe-a is the equivalent heat transfer co
efficient between the HTF and the ambient.

Given the absence of thermal coupling between PV and the ETA, the 
thermal management strategy for the PV system is designed exclusively 
for active cooling to maximize photovoltaic conversion efficiency, rather 
than for thermal energy recovery. Consequently, the coolant flow rate is 
increased to minimize the temperature rise across the module, main
taining the outlet fluid temperature at a limit of 21 ◦C. In this configu
ration, HX1 serves solely as a heat dissipation unit to reject low-grade 
waste heat to the environment, modelled using the common logarithmic 
average temperature difference (LMTD) method [50]. The energy bal
ance of outer glass of the ETA includes absorbed solar irradiance, Qog, 
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the radiative heat from the inner solar thermal absorber, Qr,og-ST, radi
ative heat loss, Qr,og-sky, and convective heat loss, Qconv,og-sky to the 
environment: 

Qog = Qr,og− sky +Qconv,og− a +Qr,og− ST (55) 

corresponding to: 

AogαgSETA,og
(
1 + τgρST

)
= εgσAog

(
T4

g − T4
a

)
+ hwindAog

(
Tg − Ta

)

+
Aogσ

(
T4

g − T4
ST

)

1
εST

+
1
εg

− 1

(56) 

where ρST (0.08) and εST (0.08) are the reflectance and emissivity of the 
solar thermal absorber [29], TST is the average temperature of solar 
thermal absorber. The energy balance of solar thermal absorber consists 
of absorbed solar irradiance, QST, radiative heat to outer glass, Qr,og-ST, 
and conductively heat to the HTF, Qconv,ST-HTF is: 

QST +Qr,og− ST = Qconv,ST− HTF (57) 

corresponding to: 

ASTαSTτgSETA +
ASTσ

(
T4

g − T4
ST

)

1
εST

+ 1
εg
− 1

= hconv,ST− HTFAST
(
TST − Tave,ETA

)
(58) 

where Tave,EAT is the average temperature of inlet, Tin,ETA, and outlet 
temperature, Tout,ETA, of HTF through ST channel: 

Tave,ETA =
Tout,ETA + Tin,ETA

2
(59) 

The hconv,ST-HTF is the heat transfer coefficient for Qconv,ST-HTF. The 
convective heat transfer coefficient can be estimated based on the 
Nusselt number: 

hconv,ST− HTF =
Nu × kHTF

DST
(60) 

where the Nu is 3.66 the cylindrical pipes used in ETA with laminar flow 
[29,47], DST is the diameter of the inner tube of the ETA (2.8 cm), and 
kHTF is thermal conductivity of the HTF (0.12 W⋅(m/K) [49]). Upon 
establishing the energy balance of the ETA, the heated HTF is conveyed 
via pipes to the HX2, where it is utilized to heat the electrolyte. The 
LMTD method is used to model the heat exchange process of HX2 [50]. 
Thermal energy input inside the electrolyzer is only generated through 
the overpotential during electrolysis, Qheat,EC. which is used to heat the 
electrolyte (KOH solution), Qconv,EC-KOH as well as heat loss to the 
environment, Qconv,EC-a. The energy balance in the electrolyzer is 
expressed as: 

Qheat,EC = Qconv,EC− KOH +Qconv,EC− a (61) 

corresponding to: 

Iwp
(
Vwp − VTNNS EC

)
= ṁECcEC

(
Tout,EC − Tin,EC

)
+ AEChloss,EC− a

(
Tave,EC

− Ta
)

(62) 

Tave,EC =
Tin,EC + Tout,EC

2
(63) 

where Iwp is the working current of electrolyzer stack, Vwp is the working 
voltage of electrolyzer stack, VTN is the thermal neutral voltage of 

electrolytic water reaction (i.e., minimal variation with temperature and 
is considered as a constant in this study, set at 1.48 V [51]), ṁ EC is the 
flow rate of the electrolyte, cEC is the specific heat capacity of electrolyte 
(3.28 kJ/kg/K), Tin,EC is the temperature of the electrolyte at the elec
trolyzer inlet, Tout,EC is the temperature of the electrolyte at the elec
trolyzer outlet. The temperature of the entire electrolyzer stack is 
considered as uniformly distributed, and its temperature, Tave_EC, is the 
average temperature of the electrolyte inside the electrolyzer, and AEC is 
the surface area of the entire electrolyzer stack. The hloss, EC–a is the 
equivalent heat transfer coefficient for Qconv,EC–a is: 

hloss,ec− a =
1

Wshell
kshell

+
Winsu,EC
kinsu,EC

+ 1
hwind

(64) 

where Wshell (2 mm) and Winsu,EC (2 cm) are the thickness of shell layer 
and insulation layer of electrolyzer, and kshell (30 W⋅(m/K) [52]) and 
kinsu,EC (0.035 W⋅(m/K) [53]) are the thermal conductivity of them.

Additional water needs to be added into the electrolyte to make up 
for the water consumed in the hydrogen production process. After 
adding additional water, the temperature is calculated as: 

Tout,EC mix =
ṁloss

ṁEC
Tin,EC mix +

ṁEC − ṁloss

ṁEC
Tout,EC (65) 

where Tout,EC_mix is the electrolyte temperature after mixing additional 
water, Tin,EC_mix is the temperature of additional cold water, set as 20 ◦C 
in this study, and ṁEC is the flow rate of consumed water in the elec
trolyzer (the same as the additional water). The thermal-loss parame
ters, including the pipe surface area, insulation characteristics, 
convective heat-transfer correlations, and heat-exchanger effectiveness, 
were adopted from the previously developed SSPVTH system design 
[45] and applied consistently across all locations and tracking config
urations. These simplified assumptions may affect the absolute oper
ating temperatures and hydrogen yields under site-specific piping 
layouts and wind conditions, but their consistent application enables an 
unbiased relative comparison between locations and tracking strategies. 
Future work should incorporate site-specific thermal-loss parameters 
and evaluate their influence through dedicated sensitivity analyses and 
experimental calibration.

3.3. Solar hydrogen production model

The evaluation of solar hydrogen production adopts a hierarchical 
time-resolved simulation framework. This process progresses from 
instantaneous system performance to monthly aggregation, and finally 
to the annualized hydrogen yield.

The primary meteorological input is the effective broadband irradi
ance, Sreal(t), as defined in Section 3.2. This variable accounts for the 
specific tracking strategy, corresponding to DNIDA(t) for the dual axis 
baseline and the projected DNISA(t) for the single axis configuration. To 
characterize the seasonal performance variations, monthly average 
diurnal profiles are utilized. For each calendar month, the hourly irra
diance and ambient temperature profiles are constructed by averaging 
the historical data over all days in that month, thereby capturing the 
typical meteorological conditions including stochastic weather 
variations.

At each time step t, the instantaneous hydrogen production rate ṁ 
H2(t) is computed by solving the coupled optical, thermal, and electro
chemical sub-models described in previous sections. A minimum irra
diance threshold of 45 W/m2 is applied, below which the system is 
considered inactive. For each active time step, the electrolyzer-stack 
current is converted into the instantaneous hydrogen mass production 
rate according to Faraday’s law: 

ṁH2 (t) =
3600Ns ECηFIEC stackMH2

nF
(66) 
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where MH2 is the molar mass of hydrogen (2.016 g mol− 1), while the 
remaining parameters retain the definitions given above, NS_EC is the 
number of electrolyzer cells connected in series, ηF is the Faradaic effi
ciency, which is 1 here; IEC_stack is the operating current of the electro
lyzer stack. The factor of 3600 converts the hydrogen production rate 
from g s− 1 to g h− 1. The daily hydrogen mass production calculated from 
the monthly average daily profile for month mo, denoted as m(mo)

H2 ,day, is 
obtained by integrating the instantaneous production rate over the 
operating hours: 

m(mo)
H2,day

=
∑

t
ṁH2 (t) (67) 

To facilitate a size-independent comparison across different 
geographic locations and tracking configurations, the production met
rics are normalized by the reference optical aperture area (APR). The 
normalized daily hydrogen yield is defined as: 

Y(mo)
H2,day

=
m(mo)

H2,day

APR
(68) 

the annual specific hydrogen yield is derived by aggregating the 
monthly daily yields, weighted by the number of days in each respective 
month, Nmo: 

YH2,year =
1

APR

∑12

mo=1
(m(mo)

H2,day
Nmo) (69) 

this metric serves as the quantitative basis for the subsequent techno- 
economic analysis, representing the total hydrogen energy produced 
per unit of collector area over a full meteorological year.

To evaluate the overall energy conversion performance of the sys
tem, the annual STH efficiency is adopted as the primary metric. This 
indicator reflects the long-term yield relative to the available solar 
resource and is defined as [15,54]: 

ηSTH, annual =
YH2,yearHHVH2

Esolar
(70) 

where YH2,year is the annual hydrogen yield (kg/m2/year), HHVH2 is the 
higher heating value [15] of hydrogen (= 39.4 kWh/kg), and Esolar is 
defined as the annual direct normal irradiation (kWh/m2/year) of a site. 
The STH efficiency is reported on an HHV basis because this accounts for 
the total energy content of hydrogen, including the latent heat recovered 
when the product water is condensed. For comparison, using the 
hydrogen LHV of 33.3 kWh kg− 1 gives ηSTH, LHV = (33.3/39.4) ηSTH, HHV 

≈ 0.845 ηSTH, HHV.

3.4. Techno-economic assessment framework

3.4.1. Overview and assessment scope
The techno-economic performance of the SSPVTH system is evalu

ated using a discounted cash-flow (DCF) framework, implemented 
consistently across all investigated sites and tracking configurations. 
The assessment adopts a system-level perspective, covering a project 
lifetime of 25 years. The annual hydrogen production is projected based 
on the techno simulation results above, serving as the baseline for the 
lifecycle revenue generation. The cost structure is categorized into three 
primary components: CAPEX, annual operating and maintenance 
expenditure (OPEX), and scheduled component replacement costs 
(REPL). The primary economic indicators derived from the model 
include the LCOH, the component-wise cost breakdown, and the PBT. To 
evaluate the investment risk and model stability, the robustness of the 
economic conclusions is examined via one-way sensitivity analysis and 
Monte Carlo uncertainty analysis for each site–tracker combination. 
Land costs are not included in this analysis due to their strong location- 
specific variability and the relatively small system scale considered. 

Their exclusion primarily affects absolute LCOH values but does not 
alter the relative comparison between system configurations.

The baseline economic assumptions and specific component costs are 
detailed in Table 1. The cost inventory is derived from recent market 
data and relevant literature benchmarks.

3.4.2. Levelized cost of hydrogen
A nominal discounting approach is adopted to ensure consistency 

between cost escalation and discounting. The LCOH (in €/kg) is then 
defined as [62]: 

LCOH =
PRVcost

PRVH2

(71) 

where PRVH2 is present value (PRV) of hydrogen output over the project 
lifetime, and PRVcost is the total present value of system cost, which is 
given by: 

PRVcost = I0 +PRVOPEX +PRVREPL (72) 

where I0 is the initial investment CAPEX, PRVOPEX is the present value of 
lifetime operating expenditure, and PRVREPL is the present value of 
replacement costs. The present value of replacement costs PRVREPL is 
calculated as: 

PRVREPL =
∑

k

Ck,0(1 + i)tk − 1

(1 + rnom)
tk (73) 

where rnom is the nominal discount rate, Ck,0 is the base-year cost, k is the 
identical number of a replacement event, tk is the replacement year, and 
i is the annual inflation rate. Component replacement costs are modelled 
as discrete expenditures occurring at specific intervals. In this study, a 
scheduled system overhaul is assumed to occur every 10 years of oper
ation [16]. Each replacement event k is defined by its base-year cost Ck,0 
and also the replacement year tk. The overhaul strategy involves a partial 
replacement (50%) of the electrolyzer stack and spectral-splitting filters 
to account for performance degradation, along with a general system 
refurbishment cost estimated at 5% of the total direct capital cost to 
cover balance-of-plant maintenance. The nominal discount rate rnom is 
defined with the Fisher equation [61]: 

rnom = (1+ rreal)(1+ i) − 1 (74) 

where rreal is the real discount rate, and i is the annual inflation rate. The 
present value of the lifetime operating expenditure PRVOPEX is obtained 
by inflating OPEX0 and discounting it over the lifetime N: 

Table 1 
Main economic parameters and capital expenditure assumptions used in the 
baseline model.

Component Unit Unit Cost, 
/€

Quantity Ref

Concentrated PV modules Area(m2) 1200 0.24 [55]
Parabolic reflector Area (m2) 100 5.04 [29]
Spectral-splitting filter Area (m2) 800 0.32 [29]
Evacuated tube absorber Area (m2) 100 0.24 [29]
Electrolyzer stack Power 

(kW)
350 1.0 [56,57]

DC–DC converter Power 
(kW)

50 1.0 [58]

Heat exchangers per unit 200 2 [29]
Pumps per unit 100 3 [29]
Piping & valves Lump sum 100 1 [59]
Sensors & controls Lump sum 100 1 [59]
Thermal oil / HTF Mass (kg) 4 5.0 [29]
Thermal insulation Lump sum 100 1 [29]
Electrical balance of system 

(BOS)
Lump sum 100 1 [59,60]

Single axis tracker Area (m2) 40 5.04 [60]
Dual axis tracker Area (m2) 100 5.04 [60]
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PRVOPEX =
∑N

t=1

OPEX0(1 + i)t− 1

(1 + rnom)
t (75) 

where t represents the year index. The design lifetime for the whole 
system is 25 years. The annual operating expenditure is represented by a 
single equivalent operating cost term, OPEX0. This term is modelled as a 
fixed percentage of the total CAPEX to capture all recurring costs asso
ciated with normal system operation, including auxiliary electricity 
consumption, insurance, and routine maintenance. Specifically, OPEX0 
is set to 1.5% of I0 for the single axis tracking system. For the dual axis 
configuration, this rate is increased to 2.0% to account for the higher 
complexity and maintenance requirements of the dual axis tracking 
mechanism.

The total CAPEX I0 is calculated as: 

I0 = Cdirect +Cadd (76) 

where Cdirect is the total direct component costs, and Cadd is a cost adder. 
The CAPEX I0 is incurred at the beginning of the project (t = 0) and 
comprises the total direct component costs Cdirect, including PV modules, 
optical concentrators, spectral filters, absorbers, electrolyzers, power 
electronics, and tracking structures. To account for balance-of-system 
expenses, a cost adder Cadd covering installation, commissioning, and 
contingency is applied as a fixed fraction of the direct costs. In this study, 
Cadd is set to 10% of Cdirect. The direct CAPEX includes the principal 
solar-collection and conversion components, thermal-loop equipment, 
electrolyzer stack, power electronics, sensors and controls, electrical 
balance-of-system equipment, and tracking hardware listed in Table 1. 
The additional 10% cost adder represents installation, system integra
tion, commissioning, basic optical alignment, and contingency. Site- 
specific foundations and civil works, land acquisition, comprehensive 
safety infrastructure, water treatment, and downstream hydrogen dry
ing, purification, compression, storage, transport, and dispensing are 
excluded. Accordingly, the reported LCOH represents the production 
cost at the electrolyzer outlet rather than the delivered cost of com
pressed or stored hydrogen; these exclusions may affect the absolute 
LCOH but are applied consistently across all sites and tracking 
configurations.

The present value of hydrogen output over the project lifetime N is 
calculated by discounting the annual hydrogen production: 

PRVH2 =
∑N

t=1

YH2,year APRDt

(1 + rnom)
t (77) 

For each investigated site, the annual hydrogen production YH2,year is 
obtained from the system-performance model outputs and used as the 
basis for the economic calculations. For the degradation sensitivity 
analysis, this value is treated as the first-year annual hydrogen pro
duction, and the hydrogen production in year t is calculated as YH2,t =

YH2,yearDt, where Dt, = (1-d)at is the annual performance-degradation 
multiplier, d is the assumed annual system-level degradation rate, and 
at is the effective system age in year t, defined as the number of years 
elapsed since the beginning of the project or since the most recent 
scheduled replacement. The effective system age starts from zero in the 
first year, increases annually, and is reset to zero after each 10-year 
replacement event. Therefore, replacement at the end of years 10 and 
20 restores the system output at the beginning of years 11 and 21, 
respectively. In the base-case calculations d=0 and therefore Dt =1 
throughout the 25-year project lifetime.

3.4.3. Discounted payback time
The economic feasibility is further assessed using the PBT, defined as 

the time required for the cumulative discounted cash flows to recover 
the initial capital investment. The PBT is determined as the minimum 
number of years τ for which the net present value becomes non-negative: 

PBT = min

{

τ∊{1,⋯,N}

⃒
⃒
⃒
⃒
⃒

∑τ

t=1

Rt − (OPEXt + Crep,t)

(1 + rnom)
t ≥ I0

}

(78) 

where I0 is the initial investment. The terms OPEXt and Crep,t represent 
the nominal cash outflows in year t, derived by escalating the base-year 
operating and replacement costs defined in Section 3.5.1 with the 
annual inflation rate i. Specifically, Crep,t aggregates the inflation- 
adjusted costs of all components scheduled for replacement in that 
specific year. The term Rt denotes the nominal annual revenue, which 
escalates with inflation. To evaluate the economic impact of byproduct 
valorization, the PBT is calculated under two distinct revenue scenarios: 

i) hydrogen sales only, revenue is generated solely from hydrogen 
production at a retail price of PH2,0 = 12 €/kg [63]; this value reflects 
current market retail rates, but is adopted here assuming a decen
tralized, on-site generation and utilization scenario, which elimi
nates the significant distribution and logistics costs associated with 
centralized production pathways;

ii) hydrogen and oxygen sales, revenue includes the sale of byproduct 
oxygen at an industrial price of PO2,0 = 0.15€/kg [64], assuming a 
stoichiometric mass ratio of 8:1 for O2:H2.

The annual revenue Rt for the combined scenario is expressed as: 

Rt = [MH2 ,t⋅PH2 ,0 + MO2 ,t⋅PO2 ,0]⋅(1 + i)t− 1 (79) 

where MH2 ,t and MO2 ,t are the respective production masses in year t, 
accounting for annual system degradation. For the hydrogen-only sce
nario, the oxygen term in Eq. (79) is set to zero.

To evaluate the robustness of the PBT results to product-price as
sumptions, an additional deterministic one-way sensitivity analysis was 
performed for the hydrogen and oxygen selling prices. The baseline 
prices of hydrogen and oxygen were 12.0 and 0.15 €/kg, respectively. 
Each price was varied independently by ±20%, while the other price 
and all technical and economic parameters were held constant. The PBT 
was recalculated for all four sites and both tracking configurations. The 
resulting sensitivity was quantified using the difference between the PBT 
values obtained at − 20% and +20% of the corresponding baseline price.

3.4.4. Sensitivity and uncertainty analysis
Given the nascent stage of SSPVTH technologies and the volatility of 

global markets, the economic assessment is subject to inherent un
certainties. To quantify the robustness of the LCOH results and identify 
dominant cost drivers, a two-tiered stochastic analysis framework was 
implemented, comprising a deterministic one-at-a-time (OAT) sensi
tivity analysis and a probabilistic Monte Carlo simulation.

To disentangle the individual impact of specific technical and eco
nomic parameters, an OAT sensitivity analysis was performed. In this 
procedure, key input parameters xj are perturbed individually by a 
uniform margin of ± 10% around their baseline values, xj,0, while 
holding all other variables constant: 

ΔLCOHj = |LCOH(1.1 • xj,0) − LCOH(0.9 • xj,0)| (80) 

the resulting sensitivities are ranked and visualized using tornado dia
grams, facilitating the identification of the most critical parameters that 
require rigorous cost control or financing optimization.

While OAT sensitivity analysis highlights individual sensitivities, it 
fails to capture the non-linear interactions arising from simultaneous 
parameter variations. To address this, a global Monte Carlo uncertainty 
analysis was conducted. As detailed in Table 2, six critical stochastic 
variables were identified, categorized into technological hardware costs 
and macroeconomic indicators. Since the precise probability density 
functions (PDFs) for future component costs and market rates are un
known, uniform distributions were assigned to all stochastic variables. 
This approach adheres to the principle of maximum entropy, avoiding 
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the introduction of artificial central tendencies or bias that would arise 
from assuming normal distributions without sufficient empirical data.

The definition of uncertainty ranges relied on a maturity-based 
classification strategy. For technological parameters, a distinct margin 
was applied based on commercial readiness. For established technolo
gies with mature supply chains, PV modules and tracking systems, a 
standard variation of ± 20% was utilized [59]. In contrast, for novel or 
specialized components, namely the spectral-splitting filters and the 
membraneless electrolyzer stack, a wider uncertainty margin of ± 30% 
was assigned to account for the higher unpredictability in their future 
manufacturing costs and market scaling [65]. For the macroeconomic 
parameters, the ranges for the real discount rate and inflation were 
empirically derived from historical financial market volatility [29,66], 
defining absolute intervals that encompass both conservative and opti
mistic financing scenarios.

The calculation was executed with N = 5000 iterations for each site 
and tracking configuration to ensure statistical convergence. In each 
iteration k, a random set of input parameters vector xk is sampled from 
the prescribed distributions, and the full discounted cash flow model is 
evaluated to compute the corresponding LCOHk. The resulting dataset of 
5000 LCOH outcomes is then aggregated to construct PDFs and calculate 
risk metrics, such as the P50 (median) value and standard deviation, 
thereby quantifying the investment risk profile of the SSPVTH system.

4. Results and discussion

4.1. System performance and annual hydrogen production

To quantify the dynamic response of the SSPVTH system under 
varying climatic conditions and tracking strategies, hourly hydrogen 
production rates were calculated using the monthly average daily profile 
for each month. The diurnal profiles for January and July as illustrative 
examples of seasonal extremes are shown in Fig. 6. The results reveal 
distinct seasonal dynamics driven by latitude and local DNI resources. A 
general trend of narrowed operational time windows and reduced peak 
production rates during winter is observed across Karlsruhe, Barcelona, 
and Cairo, directly corresponding to the seasonal decline in solar 
availability in these regions. However, the severity of this decline differs 
markedly. Karlsruhe in Fig. 6(a) experiences a severe seasonal collapse, 
where the winter peak falls below 1.2 g/m2/h. In contrast, Barcelona in 
Fig. 6(b) demonstrates significantly better winter resilience; thanks to 
its relatively high winter DNI compared to Central Europe, its January 
peak production reduction is far less drastic than that of Karlsruhe. 

Table 2 
Key input parameters and uncertainty ranges for the Monte Carlo simulations.

Component Base Value Uncertainty 
Range

Perturbation 
Method

PV modules 1,200 €/m2 ± 20 % Relative Scaling
Tracker (Single/ 

Dual)
40 /100 €/m2 ± 20 % Relative Scaling

Spectral-splitting 
filter

800 €/m2 ± 30 % Relative Scaling

Electrolyzer stack 350 €/kW ± 30 % Relative Scaling
Real discount rate 4.0 % 3 %-7 % Absolute Range
Inflation rate 2.0 % 1 %-3 % Absolute Range

Fig. 6. Hourly hydrogen production rates in January and July across the four study sites: (a) Karlsruhe, (b) Barcelona, (c) Cairo, and (d) Dunhuang. Solid 
lines indicate the performance of the dual axis tracking system, while dashed lines represent the single axis tracking system. The gap between the solid and dashed 
lines illustrates the production loss due to optical incidence angle misalignment in the single axis configuration.

Y. Tian et al.                                                                                                                                                                                                                                     Energy Conversion and Management 370 (2026) 122159 

13 



Moving further south, Cairo in Fig. 6(c) achieves the highest summer 
output of 4.4 g/m2/h while retaining a substantial performance of 3.7 g/ 
m2/h in January. Deviating from this pattern, Dunhuang in Fig. 6(d) 
exhibits a unique inversion phenomenon where the peak production rate 
at noon in January actually surpasses that in July. A comparison of the 
July and January profiles in Fig. 3 and Fig. 4, respectively, shows that 
although the January irradiance profile is narrower because of the 
shorter daylight duration, its near-noon DNI reaches 786.7 W m− 2, 
compared with 708.3 W m− 2 in July, representing an increase of 11.1%. 
At the corresponding peak hour, the ambient temperature is − 3.9 ◦C in 
January and 31.6 ◦C in July. The higher January DNI changes the 
electrical operating point of the PV system, while the substantially lower 
ambient temperature limits the increase in PV operating temperature. 
Under the combined effects of irradiance and temperature, the calcu
lated PV operating temperature is 45.7 ◦C in January, compared with 
47.8 ◦C in July, and the PV conversion efficiency increases modestly 
from 23.9% in July to 24.2% in January. Consequently, the peak 
normalized hydrogen production rate increases from 3.6 to 3.9 g H2 m− 2 

h− 1, corresponding to an increase of 8.0%. These quantitative results 
confirm that the inversion is primarily caused by the higher January 
DNI, together with the combined influence of irradiance and ambient 
temperature on PV conversion efficiency. Furthermore, the divergence 
between the dual axis and single axis curves visually quantifies the yield 
loss caused by optical misalignment. It is important to note that this 
simulation explicitly accounts for the time-dependent incidence angles, 
calculating the dynamic cosine losses at each time step rather than 
applying a static reduction factor. The dual axis configuration effectively 
broadens the high-production window by mitigating incidence angle 
losses during the early morning and late afternoon shoulder hours, a 
gain particularly pronounced in summer. Conversely, during winter in 

high-latitude regions like Karlsruhe, the marginal benefit of dual axis 
tracking diminishes. Due to the restricted solar azimuth sweep and low 
solar elevation, the geometric advantage of dual axis tracking is con
strained, resulting in minimal yield differentiation compared to the 
single axis baseline during these low-irradiance periods.

− Aggregating these hourly rates into a monthly timeframe highlights 
the critical implications for industrial supply security. The monthly 
hydrogen yield profiles are shown in Fig. 7, revealing a fundamental 
divergence in seasonal consistency. A distinct seasonal pattern is 
observed across Karlsruhe, Barcelona, and Cairo, characterized by a 
visible production decline during the winter months, albeit with varying 
degrees of severity. Karlsruhe in Fig. 7(a) displays a steep bell-shaped 
profile with extreme disparity, in July the dual axis average H2 pro
duction is 840 g/m2/month, while in January it is 207 g/m2/month, 
where summer yields are nearly four times higher than winter yields. 
Moving to lower latitudes, Barcelona in Fig. 7(b) and Cairo in Fig. 7(c) 
benefit from higher absolute irradiation, resulting in significantly larger 
total yields. For Barcelona, the dual axis average H2 production in July 
is 1008 g/m2/month, while in January it is 550 g/m2/month. However, 
they nevertheless adhere to the typical solar seasonality, with Cairo's 
winter output still showing a noticeable reduction compared to its 
summer peak of approximately 1346 g/m2/month in July to 882 g/m2/ 
month in January. It is also worth noting that the performance gap be
tween tracking strategies is highly seasonal and most pronounced during 
the peak summer months. In Cairo, for instance, the yield difference 
between dual axis and single axis configurations reaches approximately 
350 g/m2/month in July, and 157 g/m2/month in January.

In contrast to this prevailing trend, Dunhuang in Fig. 7(d) stands out 
as a distinctive exception. Under the dual axis tracking configuration, its 
production profile remains comparatively uniform, fluctuating within a 

Fig. 7. Monthly hydrogen production rates across the four study sites: (a-d) Karlsruhe, Barcelona, Cairo, and Dunhuang. Dark blue bars represent the dual axis 
tracking system, while light blue bars represent the single axis tracking system.
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relatively narrow range between 900 and 1,200 g m− 2 month− 1 

throughout the year. This seasonal uniformity, which is more pro
nounced than at the other three sites, may reduce the seasonal mismatch 
between hydrogen production and demand and consequently lower the 
required seasonal buffer-storage capacity. The comparison between the 
tracking modes in Fig. 7(d) further underscores the mechanism behind 
this stability: while the single axis configuration still exhibits a winter 
decrease similar to those observed at the other sites, the dual axis 
mechanism more effectively compensates for the lower solar elevation, 
increasing winter production toward the summer level. Because the 
principal solar-to-hydrogen conversion process is not supported by grid 
electricity, the seasonal reductions observed in Karlsruhe, Barcelona, 
and Cairo directly reduce the corresponding hydrogen-production rates. 
Dunhuang’s distinctive “winter-strong” DNI profile therefore provides 
an important advantage in reducing seasonal production variability. 
Nevertheless, continuous hydrogen delivery to downstream industrial 
processes would still require integration with suitable buffer storage and 
existing or separately designed hydrogen conditioning and transport 
infrastructure.

The cumulative impact of these optical and climatic factors is sum
marized in the annual performance metrics shown in Fig. 8. This 
macroscopic evaluation serves as the definitive indicator of technical 
feasibility. Under the dual axis configuration in Fig. 8(a), the system 
Dunhuang achieves an impressive annual hydrogen yield exceeding 12.3 
kg/m2, and in Cairo even 13.0 kg/m2. This figure represents a near two- 
fold increase compared to Karlsruhe of 6.3 kg/m2, quantitatively rein
forcing the premise that geographical site selection is a dominant driver 
of system productivity. In terms of energy conversion, the system ach
ieves a peak annual STH efficiency of 20.0% in Cairo. This high value 
validates the effectiveness of the proposed spectral-splitting and 
thermal-integration strategy in minimizing thermodynamic losses. 
Notably, robust system level annual STH efficiencies were consistently 
recorded across all four sites, underscoring the universal efficacy of the 
spectral-splitting approach in enhancing hydrogen production. 
Furthermore, a clear positive correlation exists between solar resource 
quality and conversion efficiency: as the site irradiance increases, along 
with the increase of ambient temperature, the annual STH efficiency 
rises correspondingly. This trend is attributed to a synergistic thermal- 
electric coupling where higher irradiance not only maximizes the 
photovoltaic power output for hydrogen generation but also elevates the 
operating temperature of the thermally integrated electrolyzer. The 
resulting higher temperature reduces the electrochemical overpotential 
required for water splitting, thereby improving the intrinsic efficiency of 
the electrolysis process.

A direct comparison between Fig. 8(a) and 8(b) reveals the sub
stantial efficiency penalty incurred by simplifying the tracking mecha
nism from two axis to one axis tracking. Transitioning from two axis to 

single axis tracking causes the annual STH efficiency in Cairo to drop 
from 20.0% to 15.6%. This decline occurs because the single axis system 
captures less direct solar energy per unit aperture area, thereby reducing 
the capacity utilization of the high-efficiency components. Conse
quently, the significant reduction in specific yield and annual efficiency 
confirms that high-precision dual axis tracking remains the thermody
namic optimum for concentrating hydrogen systems. Whether the 
reduced initial hardware CAPEX of single axis trackers can effectively 
offset these performance penalties to yield a lower LCOH will be rigor
ously evaluated in the subsequent economic analysis.

4.2. Benchmarking the monthly average daily profile method against 
hourly TMY method

To quantify the potential deviation introduced by the reduced tem
poral resolution of the monthly average daily profile method, its pre
dicted hydrogen production was compared with the results obtained 
from the 8760-hour hourly TMY method. Identical system configura
tions, tracking models, operating thresholds, and normalization pro
cedures were applied in both calculations, ensuring that the observed 
differences originated exclusively from the meteorological temporal 
resolution. This comparison focuses exclusively on the technical 
hydrogen-production performance.

Fig. 9 presents the hourly normalized hydrogen production calcu
lated using the hourly TMY method for Karlsruhe and Cairo under the 
dual axis and single axis configurations. The Karlsruhe profiles exhibit 
pronounced intermittency and seasonal variability, with frequent low- 
production periods resulting from the highly variable solar resource. 
In contrast, Cairo maintains a comparatively regular and consistently 
high daytime production profile throughout the year. In both locations, 
the dual axis configuration generally produces more hydrogen than the 
single axis configuration because it reduces incidence-angle losses and 
maintains a higher effective irradiance over a broader portion of the day. 
Periods with zero hydrogen production correspond primarily to night
time hours or conditions in which the available irradiance falls below 
the system operating threshold.

The annual normalized hydrogen yields calculated using the monthly 
average daily profile method and hourly TMY method are compared in 
Fig. 10. Under the dual axis configuration, the monthly average daily 
profile method and hourly TMY method predict annual normalized 
hydrogen yields of 6.3 and 6.8 kg H2 m− 2 year− 1 in Karlsruhe, 8.7 and 
9.2 kg H2 m− 2 year− 1 in Barcelona, 13.0 and 13.1 kg H2 m− 2 year− 1 in 
Cairo, and 12.3 and 12.8 kg H2 m− 2 year− 1 in Dunhuang, respectively. 
Relative to the monthly average daily profile method results, the cor
responding hourly TMY method results are higher by 8.4%, 6.0%, 1.0%, 
and 3.5%, respectively. Under the single axis configuration, the two 
methods predict annual normalized hydrogen yields of 4.6 and 4.9 kg H2 

Fig. 8. Annual performance summary comparing (a) dual axis tracking and (b) single axis tracking configurations across the four study sites. The blue bars represent 
the total annual hydrogen production per unit aperture area, while the red bars indicate the annual solar-to-hydrogen STH efficiency.
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m− 2 year− 1 in Karlsruhe, 6.6 and 7.1 kg H2 m− 2 year− 1 in Barcelona, 
10.1 and 10.0 kg H2 m− 2 year− 1 in Cairo, and 9.2 and 9.9 kg H2 m− 2 

year− 1 in Dunhuang, respectively. The corresponding differences be
tween the hourly TMY method and monthly average daily profile 
method results are +6.4%, +7.5%, − 1.0%, and +6.8%. Thus, the hourly 
TMY method predicts a slightly higher annual yield in seven of the eight 
site–tracking combinations, with Cairo under the single axis configura
tion being the only exception.

The absolute differences between the two methods remain below 
8.4% for all locations and tracking configurations, and the average 
difference is 5.1%. More importantly, both methods produce the same 
geographical ranking and the same overall comparison between the two 
tracking strategies: Cairo and Dunhuang achieve the highest annual 

yields, whereas Karlsruhe exhibits the lowest productivity, and the dual 
axis configuration consistently outperforms the single axis configura
tion. The generally higher yields by hourly TMY method can be attrib
uted to the preservation of short-term irradiance variability. Because the 
system response to irradiance is nonlinear and hydrogen production is 
suspended below the 45 W m− 2 operating threshold, the hydrogen yield 
calculated from an averaged irradiance profile is not necessarily iden
tical to the average yield calculated from the original hourly irradiance 
values.

Overall, the comparison demonstrates that the simplified monthly 
average daily profile method provides a reasonable approximation of 
the annual hydrogen yield and reliably reproduces the principal 
geographical and tracking-related conclusions of the full-hourly 

Fig. 9. Hourly normalized hydrogen production calculated using 8760-hour hourly TMY method for (a) the dual axis in Karlsruhe, (b) the single axis in Karlsruhe, (c) 
the dual axis in Cairo, and (d) the single axis in Cairo.

Fig. 10. Comparison of annual normalized hydrogen production calculated using monthly average daily profile method and 8760-hour hourly TMY method under 
(a) dual axis and (b) single axis tracking configurations.
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simulations. The hourly TMY method more accurately captures hourly 
intermittency, extreme irradiance conditions, and the temporal distri
bution of hydrogen production. It is therefore more suitable for analyses 
involving short-term variability, storage requirements, or operational 
scheduling. It should also be noted that the computational time required 
by the monthly average daily profile method is only 3.3% of that 
required by the hourly TMY method, resulting in substantial computa
tional savings. Given the demonstrated accuracy and significantly 
reduced computational cost of the monthly average daily profile 
method, the subsequent economic analyses continue to use it.

4.3. Economic assessment and sensitivity analysis

Building upon the physical performance metrics, the economic 
viability of the SSPVTH system is evaluated through the LCOH. The 
comprehensive cost breakdown across the four study sites is shown in 
Fig. 11, decomposing the LCOH into CAPEX, annual OPEX, and REPL.

A clear geographical dependence is observed in the economic per
formance. Consistent with the solar-resource gradients discussed in 
Section 4.1, the LCOH generally decreases with increasing DNI avail
ability. Under the dual axis configuration in Fig. 11(a), the LCOH de
creases from 12.3 €/kg in Karlsruhe to 8.9 €/kg in Barcelona, 6.0 €/kg in 
Cairo, and 6.3 €/kg in Dunhuang. The 51.7% reduction from Karlsruhe 
to Cairo quantitatively demonstrates the importance of high-DNI site 
selection in reducing hydrogen production costs. The cost breakdown 
further shows that CAPEX remains the dominant LCOH component, 
accounting for approximately 69% of the total LCOH under the dual axis 
configuration and 72% under the single axis configuration across all 
sites. These results indicate that the system economics are governed 
primarily by the initial capital investment and the cumulative hydrogen 
production over the project lifetime.

A comparison between Fig. 11(a) and Fig. 11(b) further clarifies the 
trade-off between tracker cost and hydrogen yield. In Cairo, switching 
from dual axis to single axis tracking increases the LCOH from 6.0 to 6.6 
€/kg, corresponding to an increase of approximately 10.6%. Although 
the single axis configuration reduces the initial CAPEX from 3,405.6 to 
3,073.0 €, representing a cost reduction of approximately 9.8%, its 
annual hydrogen production decreases from 13.0 to 10. 1 kg m-2 year-1 a 
reduction of approximately 22.3%. Therefore, the reduction in hydrogen 
production is substantially greater than the corresponding saving in 
initial investment. As a result, the dual axis configuration achieves an 
LCOH that is 9.6% lower than that of the single axis configuration in 
Cairo. Its greater annual solar-energy capture increases the lifetime 
hydrogen output over which the fixed capital costs are distributed, 
thereby compensating for the additional tracker investment.

To assess the robustness of these economic projections against mar
ket uncertainties, a deterministic sensitivity analysis was conducted. 

The tornado plots in Fig. 12 show the absolute impact on LCOH resulting 
from a ±10% variation in key techno-economic parameters. A consis
tent overall hierarchy of influence is observed across all four sites. 
Macroeconomic factors, specifically the discount rate and inflation, 
emerge as the dominant drivers of hydrogen cost, generally exerting a 
stronger influence than individual hardware components. For instance, 
in Karlsruhe in Fig. 12(a), the ±10% variation in the discount rate re
sults in a ΔLCOH of 0.7 €/kg for the single axis configuration and 0.6 
€/kg for the dual axis configuration. The corresponding ΔLCOH values 
associated with the PV price are 0.3 and 0.2 €/kg, respectively, while 
those associated with the EC price are 0.5 and 0.4 €/kg. These results 
underscore the highly capital-intensive nature of the SSPVTH system, for 
which the cost of capital has a greater influence than the cost of any 
individual hardware component.

Regarding the hardware parameters, the analysis reveals a distinct 
sensitivity profile for the tracking mechanisms. As expected, the dual 
axis configuration shows a higher sensitivity to tracker-price fluctua
tions than the single axis baseline. This is evident from the wider spread 
of the dual axis bars for the “Tracker price” parameter in Fig. 12, 
reflecting the larger portion of CAPEX allocated to the precision me
chanical structures. However, even for the dual axis system, the sensi
tivity to tracker cost remains secondary to the financial parameters. 
Furthermore, the absolute magnitude of the LCOH variation decreases 
significantly in high-irradiance regions. For Dunhuang in Fig. 12(d), the 
absolute impact of all parameters is smaller than that observed for 
Karlsruhe in Fig. 12(a), indicating that systems deployed in high- 
irradiance regions are not only cheaper but also exhibit lower absolute 
LCOH exposure to the same percentage variations in the examined 
economic inputs.

To provide a comprehensive risk profile that accounts for simulta
neous variations in all economic and technical parameters, a Monte 
Carlo simulation was conducted. The resulting PDFs of the LCOH for the 
four sites are shown in Fig. 13. These distributions offer a statistical 
validation of the economic superiority of the dual axis configuration. 
Across all locations, the probability curve for the dual axis system is 
consistently shifted to the left relative to the single axis baseline, with a 
lower P50 (median) value. In Karlsruhe, the dual axis LCOH distribution 
is between 9 to 18 €/kg, and the P50 is 13.1 €/kg. In Barcelona, the 
distribution range is narrower, between 7 to 13€/kg, and with a P50 of 
9.5 €/kg. In contrast, the single axis P50 for Karlsruhe is 15.5 €/kg and 
10.8 €/kg for Barcelona. In Cairo and Dunhuang, the dual axis LCOH 
distribution is between 4-9 €/kg for both, and P50 at 6.3 €/kg for Cairo 
and at 6.7 €/kg for Dunhuang. More notably, the peak probability 
densities of both distribution exceeding 0.6, demonstrating more robust 
economic performance. This separation indicates that the cost advan
tage of dual axis tracking is not merely a deterministic outcome of 
specific base-case assumptions but a statistically robust conclusion that 

Fig. 11. LCOH breakdown by site and tracking configuration: (a) dual axis tracking, and (b) single axis tracking. The cost is decomposed into CAPEX, OPEX, 
and REPL.
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Fig. 12. Sensitivity analysis of the LCOH for the four study sites: (a) Karlsruhe, (b) Barcelona, (c) Cairo, and (d) Dunhuang. The charts display the absolute change in 
LCOH resulting from a uniform ± 10 % variation in each economic and technical parameter. The results highlight that macroeconomic factors, discount rate and 
inflation, exert a stronger influence on the final cost than the hardware costs of the high-concentration components.

Fig. 13. PDFs of the LCOH for (a) Karlsruhe, (b) Barcelona, (c) Cairo, and (d) Dunhuang, derived from a Monte Carlo simulation considering simultaneous un
certainties in economic and technical parameters. The vertical dashed lines indicate the P50 (median) LCOH values. The results demonstrate that dual axis tracking 
consistently offers a lower cost probability profile and that high-irradiance sites exhibit narrower distributions, indicating lower investment risk.
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holds true under a wide range of combined uncertainties. Moreover, the 
probability density at the P50 median for the dual axis configuration is 
consistently higher than that of the single axis baseline across all sites. 
This taller peak implies a significantly narrower distribution variance, 
suggesting that the dual axis system offers greater statistical certainty 
and economic robustness compared to the single axis alternative.

Furthermore, the shape of the distributions reveals a critical insight 
regarding investment risk. The bandwidth of the probability curves 
narrows significantly as the analysis moves from temperate to arid cli
mates. Karlsruhe in Fig. 13(a) exhibits a broad, flattened distribution, 
implying a high standard deviation and, consequently, greater uncer
tainty in the final project return. In contrast, Cairo in Fig. 13 (c) and 
Dunhuang in Fig. 13(d) presents a sharp, narrow peak. This concen
trated distribution suggests that high-irradiance sites offer not only 
lower costs but also higher financial predictability, as the overwhelming 
abundance of solar resource acts as a buffer against market and supply 
chain volatilities. A quantitative comparison further reinforces this 
geographical dominance: as shown in Fig. 13(c) and 13(d), the P95 
(worst-case) LCOH values for Cairo and Dunhuang hover around 7.3 
€/kg and 7.7 €/kg. Remarkably, this value remains lower than the P5 
(best-case) value for Karlsruhe, at 11.2 €/kg in Fig. 13 (a). This stark 
contrast demonstrates that even under the most adverse combination of 
economic and technical uncertainties, the hydrogen production cost in 
high-irradiance regions remains superior to the most optimistic sce
narios achievable in temperate zones. Therefore, from the perspective of 
risk management, deploying dual axis systems in high-DNI regions 
represents the strategy with the highest probability of minimizing LCOH 
while maximizing investment security. The Monte Carlo-derived P5, 
P50, and P95 values for all locations and tracking configurations are 
summarized in Table 3. The P50 values are slightly higher than the 
corresponding deterministic LCOH results. For example, under the Cairo 
dual axis configuration, the deterministic LCOH is 6.0 € kg− 1, whereas 
the Monte Carlo P50 is 6.3 € kg− 1. This difference is primarily attrib
utable to the real-discount-rate distribution adopted in the Monte Carlo 
analysis. The deterministic calculation uses a real discount rate of 4.0%, 
whereas the uniform uncertainty range of 3.0%–7.0% has a midpoint of 
5.0%. Together with the inflation rate of 2.0%, these values correspond 
to nominal discount rates of approximately 6.1% and 7.1%, respectively. 
The higher central discount rate in the Monte Carlo analysis therefore 
shifts the LCOH distribution upward. In addition, because the LCOH is 
calculated from discounted cash flows using nonlinear functions of the 
sampled component costs and financial parameters, the median LCOH 
obtained from simultaneous Monte Carlo sampling is not necessarily 
identical to the LCOH evaluated using the deterministic base-case pa
rameters. Thus, the observed difference is mainly caused by the assumed 
real-discount-rate distribution, while the nonlinear LCOH calculation 
provides a smaller additional contribution.

The final dimension of the economic evaluation focuses on the PBT, a 
critical metric for assessing financial liquidity and investment risk. The 

capital recovery period across the four sites under two distinct revenue 
scenarios are compared in Fig. 14: a baseline scenario considering only 
hydrogen sales in Fig. 14(a) and an enhanced scenario that includes the 
commercial valorization of the oxygen byproduct in Fig. 14(b). Under 
the baseline hydrogen-only scenario, the geographical disparity is 
evident. In the low-irradiance region of Karlsruhe, the PBT is approxi
mately 17 years for the dual axis system and 26 years for the single axis 
system. The latter exceeds the assumed 25-year project lifetime, indi
cating that the initial investment in the single axis system is not recov
ered within its operational lifetime. Conversely, the high-irradiance sites 
of Cairo and Dunhuang demonstrate strong financial viability, with PBT 
values of approximately 6 years for the dual axis configuration. This 
confirms that, even without accounting for secondary revenue streams, 
the high specific hydrogen yield in high-irradiance climates enables 
relatively rapid capital recovery.

The integration of oxygen sales in Fig. 14(b) serves as an economic 
accelerator. Monetizing the oxygen byproduct creates an additional 
revenue stream that effectively shortens the payback period across all 
locations. For the prime site of Cairo, this valorization strategy reduces 
the PBT from 6 years to approximately 5 years under the dual axis 
configuration. A 5-year payback period for a renewable energy infra
structure project represents an exceptionally high level of profitability, 
significantly lowering the barrier for commercial adoption. The impact 
of oxygen valorization is even more pronounced for the high-latitude 
site of Karlsruhe. Here, the inclusion of oxygen sales reduces the PBT 
from 17 to 15 years for the dual axis system and from 26 to 21 years for 
the single axis system, corresponding to reductions of 2 and 5 years, 
respectively. This substantial reduction highlights a critical economic 
dynamic: while high-irradiance sites benefit from oxygen sales as an 
accelerator to further boost profitability, low-irradiance sites rely on 
such secondary revenue streams as a vital lever to mitigate their 
inherent geographical disadvantages and improve project viability. In 
every case, the dual axis system achieves capital recovery faster than the 
single axis alternative, proving that the incremental revenue from 
maximized production far outweighs the additional upfront cost of the 
tracking hardware. Consequently, the combination of high-irradiance 
site selection, dual axis tracking technology, and byproduct valoriza
tion emerges as the optimal pathway to achieve the shortest capital 
recovery and highest economic resilience.

Because the PBT depends directly on the assumed product revenues, 
an additional sensitivity analysis is performed to evaluate the robustness 
of the base-case hydrogen selling price of 12.0 € kg− 1. The hydrogen 
selling price was varied by ±20%, corresponding to 9.6, 12.0, and 14.4 € 
kg− 1. For the combined hydrogen-and-oxygen revenue scenario, the 
oxygen selling price was also varied by ±20%, from 0.12 to 0.18 € kg− 1 

around its base value of 0.15 € kg− 1. The resulting changes in PBT are 
presented in Fig. 15. The results reveal that the hydrogen selling price 
has a substantially greater influence on the PBT than the oxygen selling 
price. Moreover, the PBT response is asymmetric: the increase caused by 
a 20% price reduction is generally larger than the decrease achieved by a 
20% price increase. This effect is particularly pronounced in Karlsruhe. 
When the hydrogen selling price decreases from 12.0 to 9.6 € kg− 1, the 
PBT under the combined revenue scenario increases from 14.5 to 22.3 
years for the dual axis configuration and from 21.0 to 34.4 years for the 
single axis configuration. The latter exceeds the assumed 25-year system 
lifetime, indicating limited economic robustness under the lower-price 
scenario. In comparison, Cairo and Dunhuang remain considerably 
less sensitive to the hydrogen price reduction. At 9.6 € kg− 1, the PBT 
values are 6.2 and 7.3 years in Cairo and 6.7 and 8.2 years in Dunhuang 
for the dual axis and single axis configurations, respectively. Barcelona 
exhibits intermediate PBT values of 11.9 and 14.7 years. These results 
demonstrate that the dual axis configuration retains a shorter PBT than 
the single axis configuration throughout the investigated selling-price 
range. However, they also indicate that the economic robustness of 
the system depends strongly on the available solar resource: high- 
irradiance locations remain financially viable under a reduced 

Table 3 
Monte Carlo uncertainty results for levelized cost of hydrogen at different lo
cations and tracking configurations.

Site Tracker LCOH_P5 
(€/kg)

LCOH_P50 
(€/kg)

LCOH_P95 
(€/kg)

Karlsruhe Single 
axis

13.2 15.5 18.1

Dual axis 11.2 13.1 15.2
Barcelona Single 

axis
9.2 10.8 12.5

Dual axis 8.1 9.5 11.0
Cairo Single 

axis
6.0 7.0 8.2

Dual axis 5.4 6.3 7.3
Dunhuang Single 

axis
6.5 7.7 9.0

Dual axis 5.7 6.7 7.7
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hydrogen selling price, whereas low-irradiance locations are substan
tially more exposed to future hydrogen-price reductions.

To examine the potential influence of long-term performance losses 
on the economic results, a system-level degradation sensitivity analysis 
was conducted in addition to the established base-case assessment. The 
no-degradation condition was retained as the reference scenario, while 
annual performance degradation rates of 0.5%, 1.0%, 1.5%, and 2.0% 
were introduced to quantify their effects on the LCOH and PBT. The 
same degradation multiplier was applied to the annual hydrogen pro
duction and the corresponding oxygen byproduct. Consistent with the 
scheduled replacement expenditure assumed every 10 years, the accu
mulated degradation was reset following each replacement event. 
Therefore, the system output was restored at the beginning of years 11 
and 21. All other technical and economic parameters were held 
constant.

Fig. 16 shows the resulting influence on the LCOH. As expected, the 

LCOH increases monotonically with the annual degradation rate 
because the discounted lifetime hydrogen production decreases while 
the CAPEX, OPEX, and scheduled replacement costs remain unchanged. 
Taking the 0% degradation case as the reference, the four nonzero 
annual degradation scenarios of 0.5%, 1.0%, 1.5%, and 2.0% increase 
the LCOH by approximately 1.9%, 3.9%, 5.8%, and 7.8%, respectively. 
At an annual degradation rate of 2.0%, the LCOH of dual axis tracking 
systems increases from 12.3 to 13.3 € kg− 1 in Karlsruhe, from 8.9 to 9.6 € 
kg− 1 in Barcelona, from 6.0 to 6.4 € kg− 1 in Cairo, and from 6.3 to 6.8 € 
kg− 1 in Dunhuang. Under the single axis solar tracking configuration, 
the corresponding values increase from 14.5 to 15.7 € kg− 1, from 10.1 to 
10.9 € kg− 1, from 6.6 to 7.1 € kg− 1, and from 7.2 to 7.8 € kg− 1, 
respectively. Although degradation increases the LCOH in every case, 
the geographical ranking and the economic advantage of the dual axis 
configuration remain unchanged.

The influence of degradation on the discounted PBT is presented in 

Fig. 14. PBT for the four study sites under two economic scenarios: (a) hydrogen sales only, and (b) hydrogen and oxygen sales. The results demonstrate that oxygen 
byproduct valorization generally accelerates capital recovery across the investigated sites and tracking configurations. Under the dual axis configuration, the PBT 
decreases from 6 to 5 years in Cairo, while it remains 6 years in Dunhuang when reported at annual resolution.

Fig. 15. Effects of ± 20 % variations in H2 and O2 selling prices on the PBT of the dual axis and single axis solar tracking configurations in: (a) Karlsruhe, (b) 
Barcelona, (c) Cairo, and (d) Dunhuang. ΔPBT represents the change relative to the corresponding baseline PBT; negative and positive values indicate shortened and 
extended payback periods, respectively.
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Fig. 17. The effect is most pronounced in Karlsruhe because its lower 
annual hydrogen production provides a smaller revenue margin to 
compensate for degradation-induced production losses. At an annual 
degradation rate of 2.0%, the hydrogen-only PBT in Karlsruhe increases 
from 16.9 to 21.2 years for the dual axis configuration and from 25.2 to 
32.3 years for the single axis configuration. When oxygen revenue is 
included, the corresponding PBT values increase from 14.5 to 16.3 years 
and from 21.0 to 24.3 years, respectively. In comparison, the high- 
irradiance sites remain substantially less sensitive to degradation. At 
the same annual degradation rate of 2.0%, the PBT under the combined 
hydrogen-and-oxygen revenue scenario increases from 4.9 to 5.1 years 
in Cairo and from 5.2 to 5.5 years in Dunhuang under the dual axis 
configuration. These results indicate that high-productivity sites are 
more resilient to long-term performance losses, whereas the economic 
viability of low-irradiance sites, particularly Karlsruhe under the single 
axis configuration, is considerably more sensitive to degradation.

Overall, the sensitivity analysis confirms that neglecting perfor
mance degradation produces moderately optimistic LCOH and PBT es
timates. Nevertheless, within the investigated degradation range of 0%– 
2.0% year− 1, the main comparative conclusions remain unchanged: the 
dual axis configuration retains a lower LCOH and shorter PBT than the 
single axis configuration, while Cairo and Dunhuang remain economi
cally more favourable than Karlsruhe and Barcelona. The results further 
demonstrate that maintaining long-term system performance is partic
ularly important for projects located in regions with limited solar re
sources. The present results should be interpreted within the assumed 
10-year degradation-reset framework.

5. Conclusions

This study presented a comprehensive techno-economic assessment 

of a solar-driven SSPVTH system across diverse climatic zones. By 
integrating high-fidelity optical-thermal simulations with a stochastic 
economic model, the analysis quantified the impact of geographical 
location, tracking strategy, and byproduct valorization on the system’s 
feasibility.

Geographical resource quality is identified as the primary determi
nant of system productivity and stability. The system demonstrates a 
robust peak annual STH efficiency of 20.0% in high-irradiance regions, 
validating the efficacy of the spectral-splitting approach in minimizing 
thermodynamic losses. While high-irradiance sites such as Cairo and 
Dunhuang achieved annual normalized hydrogen yields of 13.0 and 
12.3 kg H2 m− 2 year− 1, respectively, under the dual axis configuration, 
approximately twice the value obtained in Karlsruhe, the temporal 
profile of production proved equally critical. Dunhuang exhibited a 
unique “winter-strong” phenomenon, where low ambient temperatures 
and high winter DNI created a comparatively uniform seasonal pro
duction profile. This seasonal uniformity may reduce seasonal buffer- 
storage requirements, making such climates advantageous for 
achieving a more balanced hydrogen output throughout the year. 
Benchmarking against 8760-hour hourly TMY method simulations 
resulted in differences in annual hydrogen production ranging from 
− 1.0% to +8.4% relative to the monthly average daily profile method, 
while preserving the geographical ranking of the sites and the relative 
advantage of dual axis tracking. This agreement supports the robustness 
of the main technical conclusions against the meteorological temporal 
resolution adopted in the baseline analysis. The present model employs 
a fixed AM1.5D spectrum scaled by broadband DNI and therefore does 
not capture site- and time-dependent spectral variations. Although this 
standardized approach enables consistent comparison across locations 
and tracking configurations, spectral variability may affect the energy 
allocated to the PV cells and thermal absorber. Future work should 

Fig. 16. Effects of annual hydrogen-output degradation rates ranging from 0 % to 2 % year− 1 on the LCOH of the dual axis and single axis solar tracking config
urations in (a) Karlsruhe, (b) Barcelona, (c) Cairo, and (d) Dunhuang. Accumulated degradation was reset after each scheduled 10-year replacement cycle.
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incorporate site-specific, time-resolved spectra to quantify their effects 
on spectral allocation and hydrogen production.

The comparative analysis of tracking mechanisms overturns the 
conventional wisdom that lower-cost hardware yields lower-cost en
ergy. The results confirm that high-precision dual axis tracking is both 
the thermodynamic and economic optimum for concentrating hydrogen 
systems. Although single axis trackers reduce initial CAPEX, the asso
ciated optical misalignment and cosine losses cause a disproportionate 
drop in annual yield (dropping STH efficiency to 15.6% in Cairo). 
Consequently, the dual axis configuration achieves a lower LCOH of 
~6.0 €/kg in prime locations, effectively diluting the high fixed capital 
costs over a maximized production volume.

The economic sensitivity and risk analysis reveal that the SSPVTH 
system is highly capital-intensive, with financial viability driven more 
by macroeconomic parameters than by component hardware costs. 
Sensitivity analysis indicates that discount rates and inflation exert the 
strongest influence on LCOH. Monte Carlo simulations further demon
strate that deployment in high-irradiance regions significantly com
presses the risk profile, producing a narrower probability distribution of 
costs. Under the favourable assumptions of full oxygen offtake and no 
additional downstream conditioning or delivery costs, byproduct valo
rization can reduce the discounted PBT to approximately 5 years in 
optimal locations. This result should be interpreted as an optimistic 
upper bound on the potential economic benefit of oxygen utilization. 
The selling-price sensitivity analysis further shows that a ±20% varia
tion in the hydrogen selling price has a substantially greater effect on 
PBT than the same relative variation in the oxygen selling price. The 
degradation analysis shows that, under the assumed 10-year degrada
tion reset, annual performance degradation rates of 0.5%, 1.0%, 1.5%, 
and 2.0% increase the LCOH by approximately 1.9%, 3.9%, 5.8%, and 

7.8%, respectively, while also extending the PBT. Nevertheless, the 
geographical ranking of the sites and the economic advantage of dual 
axis tracking remain unchanged over the investigated degradation 
range. In conclusion, this work demonstrates that solar-driven SSPVTH 
technology is technically feasible and economically promising when 
deployed in regions with high direct normal irradiance. To achieve 
industrial-grade viability, future project development should prioritize 
high-DNI sites with favourable winter profiles, adopt dual axis tracking 
to maximize capacity utilization, and integrate byproduct value chains. 
These strategies collectively provide a robust pathway toward achieving 
competitive green hydrogen production in the coming decade.
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